The paper presents the results of investigation of changes in the composition of hydrocarbons and sulfur-containing compounds of an atmospheric residue in the course of cracking in the presence of a tungsten carbide-nickel-chromium (WC/ Ni-Cr) catalytic additive and without it. The cracking is carried out in an autoclave at 500 °C for 30 min. The addition of the WC/Ni-Cr additive promotes the deepening of reactions of destruction not only of resins and asphaltenes, but also high molecular weight naphthene-aromatic compounds of the atmospheric residue. It is shown that the content of low molecular weight C 9 -C 17 n-alkanes and C 9 -C 10 alkylbenzenes rose sharply in the products of cracking with addition of WC/Ni-Cr in comparison with those produced without the additive. Alkyl-and naphthene-substituted aromatic hydrocarbons of benzene, naphthalene, phenanthrene series, polyarenes, benzo-and dibenzothiophenes are identified.
Introduction
Currently, the main processes for heavy oil residues conversion used at the refineries are coking and hydroprocesses. The increase in super-heavy oils and natural bitumens coming for the refining will necessitate the growth in quantity of heavy oil residues, whose refining will cause a number of problems associated with an increase in the cost of the process due to the use of new catalysts and large amounts of hydrogen, as well as an increase in energy costs (Okunev et al. 2015; Meena and Edward 2017; Holda et al. 2017; Dhir et al. 2016; Kadiev et al. 2017) .
Vacuum distillates and residual fractions are characterized by a high content of resins and asphaltenes, heteroatomic compounds and metal-containing components (Yakubov et al. 2016a, b, c) . The development of methods for thermal destruction of resins and asphaltenes with simultaneous production of additional amounts of light fractions without using hydrogen will significantly advance the efficiency of thermal processing of heavy hydrocarbon feedstock and, as a result, produce petroleum products with a lower content of high molecular weight and heteroatomic compounds and a higher content of distillate fractions (Yakubov et al. 2016a; Morozov et al. 2017; Nassar et al. 2011; Golovko et al. 2015; Sviridenko et al. 2016a, b) . Searching of non-conventional methods for conversion of high molecular weight oil compounds requires a study of cracking reactions both in the presence of additives differing in their effects and without them.
This paper is a continuation of researches on the atmospheric residue cracking (Sviridenko et al. 2018) . The aim of the work is to study the changes in the individual composition of hydrocarbons and sulfur-containing compounds of atmospheric residue cracking products in the presence of the WC/Ni-Cr additive and without it.
Experimental section

Materials
The object of the study is the atmospheric residue obtained by distillation of commercial oil at the Novokuibyshevsk refinery. Atmospheric residue is a heavy (11.9°API) and high-sulfur (3.0 wt% of sulfur) hydrocarbon feedstock. It is characterized by high thermal stability, since it has already been heat-treated. According to the data of its fractional composition, the content of fractions boiling within the temperature range 343-500 °C is 77.9 wt%, while that of the residue boiling above 500 °C is 20.7 wt% (Table 1) . The amount of high molecular weight components such as resins and asphaltenes reaches 39.3%. The atomic H/C ratio (1.56) suggests an aromaticity of the components contained in the atmospheric residue.
Catalytic additive
To increase the depth of destruction of the resins and asphaltenes, a catalytic WC/Ni-Cr additive in the form of micron-sized powder was used. It had a small specific surface (S = 0.4014 m 2 /g) and contained W (24.1%), C (3.1%), Ni (51.3%), Cr (15.9), Fe (3.7%) and O (1.9%). The catalytic additive was prepared in several stages as follows:
• Tungsten carbide resulted from the carbidization of WO 3 at 850 °C using CH 4 /H 2 gas mixtures as a carburizing agent; • Nichrome powder was obtained by the method of electric explosion of wire of Nichrome 80; • A mixture of tungsten carbide and nichrome powder was mechanically treated in an AGO-2 M planetary ball milling machine. The duration of the mechanical treatment was 30 min, and the rotation speed of grinding was 1180 rpm. The average size of resulted particles was 22-35 μm.
There is a lack of information about the use of the WC/ Ni-Cr catalytic additive in thermal processing of hydrocarbon feedstock in the literature, although each of the components of the additive was separately studied in various catalytic processes (Morozov et al. 2017; Rodella et al. 2015; Semin et al. 2012; MacAdams et al. 2005; Furimsky 2003; Ledoux et al. 1992) . Earlier, we reported that the addition of WC/Ni-Cr contributes to the cracking of large hydrocarbon molecules and the redistribution of hydrogen (Sviridenko et al. 2018) .
The structure of the catalytic additive was investigated via X-ray diffraction analysis (D8 Bruker XRD-powder diffractometer), electron microscopy and microprobe analysis (Hitachi TM-1000 scanning electron microscope with energy-dispersive X-ray spectrometer). Figure 1 shows the X-ray diffraction pattern of a catalytic additive, which has the following phase composition: WC in hexagonal modification (2θ = 31.5°; 35.6°; 48.3°; 64.1°; 65.8°; 73.2°; 75.8°; 77.1° and 84.3°), Ni 3 Cr in a cubic modification (2θ = 44.3°; 51.7° and 76.1°), Ni in a cubic modification (2θ = 44.3°; 51.7° and 76.1°), Cr in a cubic modification (2θ = 44.3° and 64.1°), NiO in a hexagonal modification (2θ = 64.1°) and NiO 2 in a cubic modification (2θ = 84.3°). Figure 2 gives micrographs of tungsten carbide and nichrome and their energy dispersion spectra. It is evident from these spectra that the WC/Ni-Cr powder consists of tungsten carbide particles with small amounts of nickel, chromium, iron and oxygen on its surface ( Fig. 2a ), while the particles of tungsten, carbon, iron and oxygen are present on the surface of nichrome ( Fig. 2b ). 
Cracking conditions
The cracking of atmospheric residue was carried out autoclave at 500 °C for 30 min in a 12 cm 3 close batch reactor. It was shown (Sviridenko et al. 2018 ) that for a given cracking duration the maximum yield in light fractions boiling up to 360 °C was reached. The mass of atmospheric residue charged into the reactor was 7 g. The amount of additive was 0.1 wt% per the mass of atmospheric residue (Sviridenko et al. 2018) . Cracking of feedstock with and without the additive was carried out under identical conditions. The mass balance of the cracking process was evaluated by the yield in gaseous, liquid and solid products. The gaseous products' yield was determined based on the reactor weight change after gaseous products were removed. The liquid products were eluted from the reactor, followed by reactor wash with chloroform. The liquid products of thermal cracking and chloroform solution were further combined and filtered using paper filter in order to remove solids. The solvent then was evaporated via rotary evaporator, and the liquid products were dried under vacuum to their constant weight.
The difference between masses of products that were not flashed out from the reactor and the entered additive was determined as the yield of solids. By 'solids,' we meant coke-like condensation products, insoluble in polar organic solvents. In this work, they have not been studied.
Research methods
SARA analysis
To isolate asphaltenes, the sample was treated with a 40-fold excess of n-hexane and the solution was held for 24 h. The precipitate was filtered off, placed into a paper cartridge and washed with hexane from hydrocarbons and resins in the Soxhlet apparatus. Then, asphaltenes were washed out from the cartridge with chloroform, and the solvent was evaporated. The yield in asphaltenes was determined after drying of the sample to a constant weight. Resins were isolated from hydrocarbons by the method of hot extraction in a Soxhlet apparatus (STO).
Maltenes that resulted from the deasphaltization were placed on the layer of activated large pore silica in 1:20 ratio. The mixture of silica gel and the adsorbed maltenes was loaded into the Soxhlet extractor. First, saturates and aromatics were extracted with n-hexane and then resins were successively extracted with a mixture of ethanol and benzene (1:1) at the boiling temperatures of the abovenoted solvents. After the removal of solvents from the hexane and alcohol-benzene eluates and bringing to a constant weight, the content of hydrocarbons (saturated + aromatic) and resins was determined, respectively.
Gas chromatography-mass spectrometry analysis (GC-MS)
Gas chromatography-mass spectrometry analysis (GC-MS analysis) of the composition of saturates and aromatics was performed using a quadrupole system Shimadzu GCMS-QP5050A. To separate the components, a CR5-MS capillary column (30 m length, 0.25 mm ID and 0.25 μm film thickness of 5% phenyl-95% dimethylpolysiloxane) was used. The carrier gas was helium. The split ratio was 1:12. The analysis was carried out in the scan acquisition mode (full scanning of ions in the mass range from 50 to 800 amu). The temperature was programmed from 80 to 290 °C with heating rate of 2 °C/min. The final temperature was held constant for 25 min. The ionization energy was 70 eV, and the temperatures of injector and interface were 290 °C. Data were acquired and processed by the GCMSsolution software. The compounds were identified using NIST and Willey mass spectra libraries for the reference.
3 Results and discussion Table 2 presents data on the mass balance of the liquid products of atmospheric residue cracking in the presence of the WC/Ni-Cr additive and without it. A significant content of asphaltenes (10.5%) and coke (10.4%) in products of cracking without the use of the additive indicates that reactions of recombination of formed free radicals with condensed structure on the route hydrocarbons => resins => asphaltenes => coke prevail over destruction reactions (asphaltenes => resins => hydrocarbons => gas) (Dmitriev and Golovko 2010; Wang et al. 2009 ). The content of resins in liquid products of cracking decreases almost 2 times (Table 2 ). The decrease in the amount of (saturates + aromatics) by 6.0% compared with the initial atmospheric residue was partly due to reactions of gas formation (8.3 wt%) and partly due to the participation of polycyclic hydrocarbons in the formation of asphaltenes. Despite the decrease in the content of (saturates + aromatics), their qualitative composition was improved. In this case, the yield in light fractions boiling up to 360 °C increases to 27.4 wt%, probably due to the destruction of resins and/or high molecular weight hydrocarbons. Maximal destruction of atmospheric residue components is achieved by cracking with the addition of WC/Ni-Cr. The yields in by-products gas and coke are lower by 1.6 and 4.2 wt.%, respectively, than in the case of cracking without the additive. The content of asphaltenes in this case is minimal and amounts to 2.2 wt%. The amount of resins is reduced by 25.5% compared with the initial atmospheric residue and by 8.0 wt% compared to cracking without the additive. In liquid products of cracking with the addition of WC/Ni-Cr, the content of hydrocarbons (saturates + aromatics) increases by 18.1% compared to the initial atmospheric residue and by 22.1 wt% compared to cracking without the additive. It is shown that the addition of WC/Ni-Cr contributes to an increase in the yield of distillate fractions boiling up to 360 °C by 66.4%, compared with the initial atmospheric residue. Thus, the addition of WC/Ni-Cr retards the reactions of recombination of free radicals with condensed structure of resins as evidenced by a significant decrease in the content of asphaltenes and coke compared with the products of cracking without the WC/Ni-Cr additive. At the same time, a deep destruction of resins is observed. It results in the formation of low molecular weight hydrocarbon components, which are part of light fractions (León et al. 2017 ).
Cracking of an atmospheric residue
Hydrocarbon composition
Detailed information on the composition of various types of saturated and aromatic compounds in the initial atmospheric residue and products of cracking was obtained from the analysis of the mass fragmentation patterns of the characteristic ions. The products of atmospheric residue cracking in the presence of WC/Ni-Cr and without it differ significantly from the initial atmospheric residue in the compositions of saturated and aromatic compounds. Products of cracking are characterized by a wider range of identified hydrocarbons and organic sulfur compounds. The relative contents of identified compounds of all types were determined as the ratios of the peak areas on the characteristic mass fragmentograms to the sum of areas under all the peaks recorded during GCMS analysis of sample.
A high naphthenic hump was observed in the region of elution of high molecular weight n-alkanes (above C 25 ) on the total ion current (TIC) chromatogram for the initial atmospheric residue. This suggests the presence of a complex unseparated mixture of high molecular weight and high boiling naphthenic and aromatic compounds ( Fig. 3a) (Antipenko et al. 2015) .
Apart from the naphthenic hump, the peaks occurred, which were identified as C 26 -C 40 n-alkanes. It is noteworthy that the areas of naphthenic humps on the TIC chromatograms of both products of cracking were significantly decreased (Fig. 3b, c) . This is especially noticeable for products of cracking with WC/Ni-Cr.
In the initial atmospheric residue, only n-alkanes (m/z 57) and hopanes (m/z 191) were identified. The content of n-alkanes was 10.3% rel., and that of hopanes was 1.2% rel. Hopanes were represented by C 29 -C 35 compounds with a predominance of C 30 hopane.
The homologous series of n-alkanes were composed of C 18 -C 40 compounds. The maximum in the molecular mass distribution (MMD) accounted for C 35 -C 36 high molecular weight homologues (Fig. 4) . The total content of C 18 -C 28 n-alkanes was 17.2% rel., and that of C 29 -C 40 was 82.8% rel.
There are no clearly defined peaks on the mass fragmentograms for the characteristic ions of other types of naphthenic and aromatic hydrocarbons (AHCs), which did not permit to identify them.
The MMD of n-alkanes of both products of cracking differs significantly in their qualitative and quantitative characteristics from each other and from the MMD for the initial atmospheric residue (Figs. 3, 4 ). As shown above, low molecular weight C 9 -C 17 n-alkanes are absent in the initial atmospheric residue.
The homologous series of n-alkanes of the products of cracking without the additive were formed by compounds with the number of carbon atoms in the molecule ranged from 12 to 40. The maximum on the MMD curve is wide and covers the region from C 18 to C 26 n-alkane. The content of C 12 -C 17 n-alkanes in these products of cracking is 17.8% rel. The percentage of C 18 -C 28 n-alkanes increases to 55.0% rel., while that of high molecular weight C 29 -C 40 homologues decreases to 27.2% compared to the initial atmospheric residue. The formation of low molecular weight C 12 -C 17 n-alkanes and the increase in the content of medium molecular weight C 18 -C 28 n-alkanes in products of cracking occurs due to the destruction of resins and/or high molecular weight compounds that are an integral part of the naphthenic hump.
The n-alkanes of products of cracking with the addition of WC/Ni-Cr exhibit a fundamentally different MMD pattern (Figs. 3, 4) . The presence of a catalytic additive contributes to the deepening of destruction reactions during cracking, resulting in a formation of a significant amount of low molecular weight C 9 -C 17 n-alkanes. Their percentage reaches 53.9% rel., and, as a result, the content of higher molecular weight homologues of C 18 -C 28 and C 29 -C 40 n-alkanes decreases to 36.3 and 9.8% rel., respectively. This proves the fact that the WC/Ni-Cr additive has cracking properties; hence, its presence determines the tendency of thermal transformations of high molecular weight components of an atmospheric residue.
In addition to n-alkanes, in the products of cracking with and without the WC/Ni-Cr additive, alkyl cyclohexanes (m/z 83) have been identified, whose homologous series consisted of C 15 -C 23 and C 11 -C 23 compounds, respectively. Also, as in the composition of n-alkanes, the percentage of low molecular weight alkyl cyclohexanes in products of cracking with the addition of WC/Ni-Cr was higher than in those without this additive. Alkyl cyclohexanes have not been identified in the initial atmospheric residue. It should be noted that the presence of hopanes (m/z 191) was not established for both products of cracking.
Before proceeding to the analysis of the composition of cyclic aromatic hydrocarbons, it should be emphasized that the content of these compounds in the initial atmospheric residue was not determined. As an example, in Fig. 5a the mass fragmentogram of n-alkyltoluenes (m/z 105) of the initial atmospheric residue is shown. The total content of the identified aromatic hydrocarbons in the products of cracking was 4.2% rel.
Monocyclic AHCs in products of cracking without the additive were represented by two homologous series-nalkylbenzenes (m/z 91) and n-alkyltoluenes (m/z 105)-with a total number of carbon atoms in the molecule from 12 to 32 (Fig. 5b) . The presence of peaks of tri-and tetrasubstituted alkyl benzenes was observed on the mass fragmentograms of the corresponding m/z 119 and 133 ions, but they were difficult to reliably identify due to their low content. Figure 5a shows the distribution of benzene homologues by their concentration in the initial atmospheric residue and products of cracking.
Changes in the MMD of alkyl benzenes in products of cracking with the WC/Ni-Cr additive suggest a deeper process of destruction. This is indicated by the fact that the first members of the homologous series of alkyl-substituted benzenes and toluenes in these products are C 8 dimethylbenzenes (xylenes) (Fig. 5c ). However, in products of cracking without the WC/Ni-Cr additive their homologous series begin with C 12 homologues. The n-alkylbenzenes were represented by compounds with 8-26 carbon atoms in the molecule, while n-alkyltoluenes by those with 8-20 carbon atoms. Concentrations of C 11+ n-alkyltoluenes were extremely low compared to the content of their C 9 and C 10 homologues. Among tri-(m/z 119) and tetrasubstituted (m/z 133) alkyl benzenes, the prevalence of C 9 and C 10 homologues was observed. The presence of homologues with long alkyl substituents on the mass fragmentograms for m/z 119 and 133 has not been established, since the height of their peaks did not exceed the background level. Besides alkyl benzenes, naphthenic-substituted benzenes-indane, tetralin, and its C 1 -C 2 homologues-were identified in both products of cracking.
Bicyclic AHCs were represented by unsubstituted naphthalene (m/z 128) and its methyl-substituted C 1 -C 4 homologues (m/z 142, 156, 170, 184) , as well as by diphenyls (m/z 154, 168) . The distributions of naphthalene homologues by concentrations in both products of cracking were similar. Their concentration series were as follows: trimethyl-> dimethyl-> monomethyl-> unsubstituted naphthalene > tetramethylnaphthalenes (Fig. 6b) . The total content of naphthalenes and diphenyls in products of cracking with WC/Ni-Cr was higher by ~ 2.5 times than that in products of cracking without the additive. Among naphthene-substituted biarenes, the presence of fluorene (m/z 165) and 9,10-dihydroanthracene (m/z 170) has been established.
Among tricyclic AHCs in both products of cracking, unsubstituted phenanthrene (m/z 178) and its homologues to C 4 (m/z 192, 206, 220, 234) , as well as anthracene, have been identified. The total content of tricyclic AHCs and the content of bicyclic AHCs in products of cracking with the addition of WC/Ni-Cr were lower than that without the additive (Fig. 6c ). Tetracyclic AHCs were represented by fluoranthene, pyrene (m/z 202, 216), triphenylene, chrysene (m/z 228) and benzopyrene (m/z 253).
Benzothiophenes with the total number of carbon atoms from 2 to 6 in alkyl substituents of the aromatic nucleus (m/z 148, 162), naphthobenzothiophenes (m/z 234), dibenzothiophene (DBT) and its homologues from mono-to tetrasubstituted (m/z 184,198, 212, 226) were identified in both products of cracking (Fig. 6d) . 
Conclusions
The composition of products of cracking in the presence of the WC/Ni-Cr catalytic additive and without it has been analyzed, and the following has been established:
• The addition of WC/Ni-Cr retards the reactions of condensation of free radicals with condensed structure of resins formed in the course of cracking and the destruction reactions resulted in the formation of gaseous products of cracking. In this case, the deep destruction of resins with the abstraction of aliphatic fragments occurs, resulting in the formation of low molecular weight hydrocarbon components of light fractions. The yield in light fractions boiling up to 360 °C increases by 66.4% compared with the initial atmospheric residue and by 40.4% compared with the cracking without the additive. • The addition of WC/Ni-Cr contributes to the deepening of destruction reactions not only of resins and asphaltenes but also of high molecular weight naphtheno-aromatic compounds of the atmospheric residue.
It has been shown that in liquid products of cracking with WC/Ni-Cr additive the amount of low molecular weight C 9 -C 17 n-alkanes and C 9 -C 10 alkyl benzenes increases sharply compared to cracking without the additive. Alkyl-and naphthene-substituted aromatic hydrocarbons of benzene, naphthalene and phenanthrene series have also been identified, as well as polyarenes and benzo-, and dibenzothiophenes.
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